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EXECUTIVE SUMMARY
Internal combustion engines are a major source of airborne particulate matter (PM). The size of the engine PM is in the sub-micrometer range. The number of engine particles per unit volume is high, normally in the range of 10 12 to 10
14
. To measure the size distribution of the engine particles dilution of an aerosol sample is required. A diluter utilizing a venturi ejector mixing technique is commercially available and tested. The purpose of this investigation was to determine if turbulence created by the ejector in the mini-dilutor changes the size of particles passing through it.
The results of the NaCl aerosol experiments show no discernible difference in the geometric mean diameter and geometric standard deviation of particles passing through the ejector. Similar results were found for the DOP particles. The ratio of the total number concentrations before and after the ejector indicates that a dilution ratio of approximately 20 applies equally for DOP and NaCl particles. This indicates the dilution capability of the ejector is not affected by the particle composition. The statistical analysis results of the first and second moments of a distribution indicate that the ejector may not change the major parameters (e.g., the geometric mean diameter and geometric standard deviation) characterizing the size distributions of NaCl and DOP particles.
However, when the skewness was examined, it indicates that the ejector modifies the particle size distribution significantly. The ejector could change the skewness of the distribution in an unpredictable and inconsistent manner. Furthermore, when the variability of particle counts in individual size ranges as a result of the ejector is examined, one finds that the variability is greater for DOP particles in the size range of 40-150 nm than for NaCl particles in the size range of 30 to 350 nm. The numbers or particle counts in this size region are high enough that the Poisson counting errors are small (<10%) compared with the tail regions. This result shows that the ejector device could have a higher bin-to-bin counting uncertainty for "soft" particles such as DOP than for a solid dry particle like NaCl. The results suggest that it may be difficult to precisely characterize the size distribution of particles ejected from the mini-dilution system if the particle is not solid.
INTRODUCTION
With changes in diesel engine design aimed at reducing exhaust emissions, it is important to characterize the impact of the design changes on emissions in order to assess their impact on human health and the environment. Particulate emissions are of concern because of their known adverse impacts in both of these areas (e.g., USEPA, 1997; Dockery and Pope, 1996; Pope, 2000 and references therein). Diesel particles are typically in the sub-micrometer diameter range making it difficult to characterize their physiochemical properties (e.g., size, light scattering, and chemical composition) in real time.
Characterization of the sizes of ultrafine airborne particles of diameter from 1 nm to 500 nm requires special techniques. An aerosol particle enters into an electric field, carrying n electric charges, experiences an electrical force, causing it to move through the gas in which it is suspended. The resulting drag force on the particle is equated to the electrical force that permits the determination of the electrical mobility of the particle. A commercially available instrument utilizes the electrical mobility of the ultrafine particles to measure the diameter of aerosol particles in a continuous manner (TSI, 1999) . Knutson and Whitby (1975) describe the theory of electrical mobility of particles in detail. Size-classified particles are transferred to a particle sensor to determine the particle concentration.
The most commonly used particle sensor is a condensation particle counter (CPC). An aerosol particle is saturated with alcohol vapor as it passes over a heated pool of alcohol in a CPC. The vapor-saturated aerosol then flows into a cold condenser, where it is cooled by thermal diffusion. The alcohol condenses onto the particles and the particles grow into droplets large enough to be counted optically. CPC can detect aerosol concentration of 10,000 particles cm -3 or greater, but aerosol concentrations in diesel exhaust are typically in the range of 10 12 to 10 14 particles cm
exceeding the working range of current CPC making it necessary to dilute the aerosol prior to sampling. The dilution process may produce adverse conditions under which particle sizes may be altered through a number of processes such as condensation and coagulation. These processes can artificially cause a change in the aerosol size distribution before the aerosol is measured, yielding a non-representative measurement. A mini-dilution system has been designed to achieve a rapid dilution of diesel exhaust in dry air (Abdul-Khalek et al., 1998) minimizing possible change in the particle size distribution to be measured. A mini-dilution system is shown in Fig. 1 . A critical orifice (#4 in Fig. 1 ) is used to provide a constant-mass aerosol flow rate into an ejector (#5 in Fig. 1) . A venturi throat is used to provide a second flow to drive the pumping force of the aerosol sample. The aerosol flow is mixed with a second flow (from the air supply #9 in Fig. 1 ) into the ejector (#5) where aerosol is to be mixed. Such a rigorous mixing is turbulent, which causes concern about possible particle breakup and alteration of the original particle size distribution. The design and operating parameters of the ejector are shown in Table 1 . Table 1 . Design specification of the mini-dilution system
Schematic of Mini-Dilution System
To date the dilutor has been used in experiments to characterize particulate emissions at different engine operating conditions (Abdul-Khalek et al., 1998; Graskow et al., 1999; and Graskow et al., 1998) but to the author's knowledge, there is no published study that fully characterizes the turbulent mixing effect on the particle size distribution. Since there are plans to use this dilutor in diesel exhaust particle toxicity experiments currently funded by the ORNL Laboratory Director Research and Development Program Office (Project title: Cellular Toxicity of Nanoparticles), it is essential to characterize the impacts of the dilutor itself on the particle size distribution.
EXPERIMENTAL SETUP
The experimental set configuration is shown in Fig. 2 . The aerosol was generated using a TSI Model 3076 constant-output non-recycling nebulizer. After exiting the nebulizer, the aerosol was passed through a copper condenser packed in ice and then into a tee where it was diluted with dry HEPA filtered dilution air from the building air supply system. The dilution air supply was free of particles as small as 1.9 nm, the smallest diameter we are capable of measuring using the TSI Scanning Mobility Particle Analyzer (SMPS). The aerosol flow rate was 3 L min -1 into the sampling manifold and the dilution airflow rate was 20 L min -1 . After exiting the dilution tee the aerosol entered a 5-foot long sampling manifold with a 4-inch inner diameter. The sampling manifold has 4 ports spaced one foot apart. The mini-dilutor inlet was connected to one of the ports and sampled the aerosol at a rate of 8.4 L min -1 or lpm. the two possible aerosol sampling points. The SMPS was connected to the sampling manifold to collect the pre dilutor sample and to the dilutor itself to collect the post dilutor sample.
The particle concentration and size distribution data were collected using a TSI Model 3936 Scanning Mobility Particle Sizer (SMPS) equipped with a model 3081 Differential Mobility Analyzer (DMA) and a TSI Model 3025A Condensation Particle Counter (CPC). The SMPS sheath flow rate was operated at 6 lpm and the aerosol flow was 0.6 lpm. The up scan time was 120 seconds and the down scan time was 60 seconds. The SMPS instrument inlet was connected to a port on the sampling manifold when sampling for the "pre-diluter" data. The inlet was switched and connected to the "post-sampling" port when taking the "post-diluter" data.
Polystyrene Latex (PSL) suspension were purchased from the Duke Chemicals and used as it was. The PSL particles of a nominal diameter of 98 ± 6 nm were diluted to 0.02% (v/v) and nebulized to produce particles of known size for evaluating the performance and verifying the accuracy of the aerosol generation (Fig. 2) and TSI SMPS measurement systems. The system test result is shown in Fig. 3 . The long differential mobility analyzer (DMA) (TSI model 3081) was used in the SMPS.
The nebulizer, in two separate sets of experiment, was used to generate two different types of aerosols. The number concentration and size distribution of the aerosol particles were measured before and after the particles being passed through the dilutor. An aerosol consisting of dry solid particles was generated from a solution of 0.5% (w/v) sodium chloride (NaCl) in water. An aerosol consisting of oil droplets was generated from 0.03% (v/v) dioctyl-phthalate (DOP) in 2-propanol. Fig. 3 . Particle size distribution generated by nebulizing 98 ± 6 nm polystyrene latex spheres. The two major peaks at 96 and 103 nm are within the expected range indicating that the generation and sampling systems were functioning properly.
The statistical figures of merit used in the comparison of particle size distributions obtained before and after the ejector are: 1. The median particle size in nm of M repeated measurements, 2. The geometric mean particle size in nm of M repeated measurements, 3. The geometric standard deviation of M repeated measurements, 4. The total number concentration in cm -3 of M repeated measurements, 5. The skewness of the repeated measurements, 6. Coefficient of variation of dW/dlogD p (normalized count) across M repeated measurements.
Other non-parametric statistics could have been examined for a detailed characterization of a particle size distribution. However, the authors feel that these 6 indices would provide sufficient information to evaluate the impacts of the ejector on the particle size distribution. Detailed statistical characterization of the particle size distributions obtained is not needed.
RESULTS AND DISCUSSION
The particle size distribution resulting form nebulizing the PSL particles is shown in Fig. 3 . The two major peaks are at 96 and 103 nm, within the certified range. The absence of any other major peaks is an indication that the aerosol was well dried, and the aerosol generation system is performing correctly as designed. Use of the PSL aerosols confirms that the aerosol delivery and measurement systems were functioning as expected.
SOLID SODIUM CHLORIDE (NaCl) PARTICLES
The particle size distributions for both the pre and post dilutor concentrations of the NaCl aerosol are shown in Fig. 4 . The data is the average of three sample runs and the error bars represent the range [= max value -min value of the 3 samples] of the data for each particle size. As can be seen in Table 2 , both distributions are symmetrical and are centered at around 77 nm (the geometric mean). The geometric standard deviations are approximately 1.7 indicating a polydisperse aerosol. No significant changes in the geometric mean size and geometric standard deviation and the median diameter are found for particles passing through the ejector in the minidilution system. The dilution however decreases the total number concentration of particle by approximately 20 times as expected. where N j is the j th count for a size bin, the subscript j is the index for measurement, and N bar is the average of N j , M is the number of measurement from 1 to a max of 3. The CV value in Fig. 5 indicates the variation of particle count in the repeated measurements. The 3-sample CV for both the pre and post dilutor data is less than 10% in the central region of the size distribution where the particle concentration is high as seen in Fig. 4 . The areas where the CV exceeds 20% correspond to the tail ends of the size distribution where the particle counts are low (Fig. 4) . This indicates that it is safer to compare the pre-and post-diluter data for NaCl particles of diameter between 30 and 350 nm.
If turbulence mixing and shear force within the ejector have any effect on particle size, it could cause an increase in the variability of the post dilutor data. If this is the case, examining the difference in the CV for the pre-and post-dilutor data could yield some information regarding the impacts. A plot of the post-dilutor CV minus the pre-dilutor CV for each particle size range is shown in Fig. 6 . This plot shows the variation of particle counts for the individual size bin. When 6 . A plot of the difference in the coefficient of variation between the post and pre dilutor NaCl Aerosol data in Fig. 5 . The differences are small and fluctuate in both the positive and negative direction at the center of the plot where the particle concentrations are the highest. The large positive differences at both ends of the plot correspond to low concentrations of particles after dilution in those size ranges. compared with Fig. 5 that shows a similar pattern, it can be seen that the regions of large difference in variability correspond to the tail ends of the distribution while the particle counts were low.
The large differences in these tail regions are most likely caused by low CPC counts. A high Poisson counting error could be resulted from a low count because the theoretical Poisson error is proportional to ÖN/N. This error is not to be confused and compared with the CV calculated from the repeated measurements. Since the samples for CV calculation are not from a Poisson distribution, it does not make sense to compare (in a sense performing a statistical inference test) the CV value to the Poisson error. The particle counts are found to be higher in the central region than in the tail regions of the distribution in Fig. 4 . A high particle count corresponds to a lower Poisson error indicating a better measurement for the central portion of the distribution. Improvement of the SMPS measurement precision at the tail ends can be achieved by increasing the counting time or the scanning time of the instrument that typically leads to higher counts.
The skewness measure of the NaCl particle size distribution ranges from 0.279 to 0.520 for the pre-diluter data and 0.335 to 0.407 for the post-diluter data. The degree of asymmetry of a distribution is measured by the skewness index that is the 3 rd moment of a distribution. The index is zero for a symmetrical distribution. If the distribution has a longer tail less than the maximum, the distribution has negative skewness. Otherwise, it has positive skewness. These results combined with the previous results indicate that the ejector did not significantly modify the overall NaCl particle size distributions. Thus, based on the statistics examined, we conclude that for the dry NaCl particles measured there is no discernible difference in the pre-and post-dilutor data. This indicates that the dilutor had no detectable adverse impacts on the NaCl aerosol in the size range of 30 to 350 nm.
DIOCTYL-PHTHALATE (DOP) PARTICLES
Oil particles made of DOP are spherical in shape in contrast to the cubic shape of NaCl particles discussed earlier; the aerodynamics of these 2 aerosols are different which may affect their transport in the turbulence flow in the ejector. Furthermore, the integrity and/or surface tension to maintain the particle integrity of DOP particles in turbulence is intuitively weaker than that of NaCl. We thus expect different DOP particle size distributions before and after the ejector.
The pre-and post-dilutor size distributions for the DOP aerosol are shown in Fig. 7 . The size-normalized particle concentration values [dW/dlog(D p )] plotted in Fig. 7 represent the average of Similar observation is drawn from the median diameter, while the total number concentration after the ejector was decreased by approximately 20 times as expected again. The skewness ranges from -0.010 to 0.211 for the pre-diluter data and -0.165 to 0.149 for the post-diluter data. The amplification of skewness by the ejector is obvious even the first and second moments (i.e., the mean and standard deviation) do not indicate so. The change of sign in the skewness among different runs indicates the particle size was skewed toward a reverse direction from one run to another. We believe that the ejector could complicate the input particle size distribution even further when the distribution is multi-modal in real particles instead of uni-modal like the test particles we generated, because it would be hard to ensure then if all the moments would be conserved/constant across the ejector.
A plot of the coefficient of variation (CV) for each particle size is shown in Fig. 8 . The values of CV across the size spectrum for the DOP particles are generally larger than that for the NaCl particles shown in Fig. 5 . The CV in the central region of the curve for NaCl is less than 10% for Dp between 30 and 350 nm, while that for DOP is between 20 and 40% for Dp between 40 and 150 nm. The results indicate the ejector possibly had a larger adverse impact on the DOP particles than on the NaCl particles.
350 nm. The numbers or particle counts in this size region are high enough that the Poisson counting errors are small (< 10%) compared with the tail regions. This result shows that the ejector device could have a higher bin-to-bin counting uncertainty for "soft" particles such as DOP than for a solid dry particle like NaCl. The results suggest that it may be difficult to precisely characterize the size distribution of particles ejected from the mini-dilution system if the particle is not solid.
